Introduction
Humans have changed the planet. Actually, humans have drastically changed the planet, with dramatic consequences. There remains virtually no untouched nature. 2 A large part of the Earth's surface not covered by ice has been transformed by humans. The polar ice is melting, the water level of the oceans is rising and coastal and marine habitats are undergoing massive changes. More than half of Earth's fresh water is being exploited by humans. Oceans are being acidified and contaminated by aquacultures. Agricultural soil is being degraded. Beneath the surface, the earth is being altered by mines and drilling. The construction of thousands of dams and extensive deforestations massively affect water circulation and erosion rates and thus the evolution and geographical spread of numerous species. The loss of biodiversity is greater by orders of magnitudes than it would be without human intervention. On average, at least every third nitrogen atom in the biosphere has been once processed by the fertilizer industry. Most of the biomass of all living mammals is constituted by humans and domesticated animals.
Through energy-intensive chemical processes, humans have created functional materials (which are rare under natural conditions), and brought them into wide circulation. Among these are elemental aluminum, lead, cadmium, and mercury, fly ash residues from the high-temperature combustion of coal and oil, and also concrete, plastic, and other man-made materials, many of them displaying properties alien to the natural world. Plutonium from atmospheric nuclear testing will persist in the sedimentary record for the next several 100,000 years while it decays into uranium and then into lead. We are measuring the highest atmospheric concentrations of the greenhouse gases carbon dioxide and methane in at least 800,000 years. Even if the use of fossil energy resources were to stop immediately, it would take thousands of Some changes have occurred at a much brisker pace than natural processes. The present concentration of carbon dioxide has been reached at a rate at least ten, and possibly one hundred times faster than increases at any time during the previous 420,000 years.
Simultaneously, new diseases spread via carriers with rapid life cycles that allow them to adapt quickly to the new conditions. How quickly will human societies be able to adapt to the same? The ongoing changes will affect, in any case, different parts of the globe in different ways and the global nature of these changes will not always be easy to recognize for those who suffer from them. With floods increasingly menacing lowlying cities near large bodies of water, new forms of gentrification emerge, raising the prices of dry and secure locations and displacing the poor. Previously fertile farmlands dry out because of drought, inciting allocation battles and migrations to richer nations.
Developed countries may actually appear to benefit from climate change, while developing countries suffer-but ultimately everyone will lose. There will be no escape, not even for the rich.
In short, the planet is changing with irreversible consequences. There is no hope that we might ever be able to return to some "natural state" of affairs. Humanity has affected the energy balance at the Earth's surface, resulting in the transition of our planet into a new stage. Humanity does not act against the backdrop of an unchangeable nature; it is deeply woven into its very fabric, shaping both its imminent and distant future.
The fundamental revision of our understanding of the state of this planet may only be compared with the upheaval of our physical conceptions of space and time in the wake of Einstein's theories of relativity. In classical physics, space and time seemed to be the rigid stage on which world events were taking place. According to Einstein's theory, in contrast, this stage is no immutable framework is itself part of the drama; there is no absolute distinction between the actors and the scenery. Space and time do not remain in the background of physical processes but rather take part in them. The new reality of the planet confronts us with a similarly radical need for rethinking our situation:
we are not living in a stable environment that simply serves as a stage and resource for our actions, but we are all actors in a comprehensive drama in which humans and the nonhuman world equally take part.
Introducing the Anthropocene
In the year 2000, Nobel Prize winner and discoverer of the hole in the Ozone layer Paul J. Crutzen felt uneasy with the official account of the state of the planet, according to which we are presently living in the "Holocene" epoch. Geologists have a sophisticated system to organize the enormous time span of the Earth's history into intervals. Holocene means "entirely recent" and is the second epoch of the so-called Quaternary Period. It may sound strange, the Quaternary is actually an Ice Age that began 2.6 million years ago; more precisely, the Quaternary is characterized by a backand-forth of polar ice. The Holocene is an interglacial period in which the ice retreats. It began at the end of an anomalous cooling episode that interrupted postglacial warming, dated by radiocarbon to between ca. 12,900 and 11,500 years BP (before the present). Its temperatures have been strikingly stable for more than 11,000 years.
Crutzen was participating in a conference on Earth system science outside Mexico City when he was struck by a sudden dislike for the Holocene description, which seemed to utterly belittle the human impact on the Earth system. He told the delegates to stop using the term Holocene and, while speaking, searched for a better term: "We are not in the Holocene anymore, we are in the, the, the Anthropocene!" 3 As it turned out, the term had been used by the limnologist Eugene F. Stoermer since the 1980s. 4 Similar terms have been introduced independently by several scientists. Its roots go back even to the eighteenth century, when the French naturalist Buffon remarked that "the entire face of the Earth bears the impact of human power." 5 Its current centrality for a broad discourse on planetary changes and humanity's role in them are, however, connected with that crucial moment in the year 2000. Crutzen himself and scholars of many disciplines have since controversially discussed the Anthropocene and its meaning in understanding humanity's predicament, but also its viability as a geologic time period. The term is currently being examined by the Anthropocene Working Group, 6 which will submit a formal proposal to the Subcommission on Quaternary Stratigraphy, which in turn reports to the International Commission on Stratigraphy, itself responsible to the International Union of Geological Sciences where it will be ratified by its Executive Committee. 7 Whatever the final decision of the geological experts may be, the concept of the Anthropocene has opened our eyes towards a fundamentally altered global environment and the fact that humanity has meanwhile changed the planet to a degree comparable to geologic forces.
Given the massive impact of human interventions in the planetary environment, the traditional line between nature and culture has become problematic. We are living in an "anthropological nature" (Karl Marx) resulting from our own interventions. 
Who is destroying our planet?
The transformative power of humanity is evidently based on knowledge, accumulated and implemented over generations. What has also accumulated, however, are the unintended consequences of human activity. Nobody seriously intended to destroy the planet! Specifically, science and technology have contributed much to bring us into this situation. Global capitalism, industrialization, traffic, and population growth would not 6 quaternary.stratigraphy.org/working-groups/anthropocene/ (accessed September, 5, 2018). 7 Voosen, "The Anthropocene Pinned. be possible without the advances of science and technology. 9 They have catapulted us from the age of horse-drawn plows and carriages to the age of industrialized agriculture and self-driving cars, and they have blessed us with the unequally distributed benefits of modern medicine. But along with their progress, science and technology have generated uncontrolled growth, the ruthless exploitation of natural resources, and a rapid increase of the greenhouse emissions that are changing the global climate.
Humans are now able to send missions into interplanetary space but they have not yet found a way to protect billions from poverty or starvation, to contain wars, or to cope with all the other challenges of the Anthropocene for humanity as a whole. True, these are political and economic questions, not just questions of knowledge, but they are also questions of knowledge and of science.
Rethinking science in the Anthropocene means to ask a number of fundamental questions about science and knowledge, as well as about their historical evolution. In this paper, I proceed in five steps: I have already begun to discuss the double character of knowledge crucial for our entry into the Anthropocene, the empowerment it provides, and the unintended consequences it leads to, which I shall briefly recapitulate below. This is the first step. In a second step, I shall discuss the historical nature of thinking and will ask how knowledge structures change. In the third part, dedicated 
The Great Acceleration
The human species has mushroomed all over the planet. For all of humanity's interventions in planetary cycles, it is still part of the biosphere, with no power to transcend it. We are not outside observers! What distinguishes humanity from the rest of the biosphere is cultural evolution, a unique layer of metabolism and learning on top of biological evolution. With their rapidly evolving culture, humans have introduced an "ergosphere" (a sphere of work, as well as of technological and energetic transformations) as a new global component of the Earth system, in addition to the lithosphere, the hydrosphere, the atmosphere, and the biosphere, thus changing the overall dynamics of the system. Unwisely, we have left the astonishingly stable state of the Holocene, which has shaped our culture and our ways of thinking. The Anthropocene may be a contrary state of the Earth system, but it is not necessarily the demise of humanity -we simply do not yet know what it holds in store for us. By leaving our "Holocenic bubble," we are not withdrawing from a static system but rather intervening within a system that is itself highly dynamic. We are performing a global experiment on a system that is already changing itself; our interventions therefore introduce second-order changes. As a consequence, we make ourselves ever more dependent on our understanding of this complex dynamic system and our interactions with it. This understanding is itself not static but subject to a dynamical evolution. Understanding the dynamics of knowledge is therefore crucial for our survival in the Anthropocene. Both knowledge and changes in the environment accumulate across generations in long-term processes, and not necessarily in such a way that human survival guaranteed.
The Architecture of Knowledge
But what is knowledge? This question brings me to part two. Individual knowledge is based on encoding experiences, enabling individuals to solve problems as part of their adaptive behavior. It is rooted in the ability to anticipate actions and their results, and can be corrected in response to consequences since we can think or "reflect" on our experiences. Due to the dependence of knowledge on prior experience, its predictive power is in principle limited. On the other hand, knowledge can be mentally stored in the form of cognitive structures and repurposed for new goals. Although we are describing cognitive structures of human thinking on a purely phenomenological level, we can observe a number of remarkable aspects.
One of these aspects is that the structure and content of knowledge are not as independent from each other as a long tradition separating logic from meaning has held. Any concept (e.g. the concept of a tree) may specifically refer to a concrete experience and, at the same time, act as a general cognitive structure to which this experience can be assimilated, connecting it to a web of other experiences. If one thinks about it, every concept is a little theory because it is semantically connected to other concepts.
Cognitive structures are active in the sense that they change with every implementation.
If I see a tree I have never seen before, I may change my concept of a tree and thus the entire network of semantic relations in which this concept is embedded. This is a fundamental feature of cognitive development that also accounts for how scientific knowledge may change due to a novel experience, in particular, when this experience is difficult to understand, taking a particular form that we designate as "challenging DOI 10.2478/host-2018-0001 objects."
11 For example, when one expects that all physical interactions require direct contact between bodies, the invisible forces moving the needle of a compass may appear miraculous, as they did for the young Einstein, who remembered this encounter all his life as a challenging experience.
Cognitive structures allow for thinking processes even under circumstances of incomplete information, which is our typical predicament. Lacking information in parts of the structure may be supplemented by information gleaned from prior experience in the form of "default assumptions," such as when I see only the upper part of a tree and conclude that it must have roots because trees normally do. If it turns out, however, that the roots have been cut, I do not have to abandon my conviction that I am dealing with a tree. Surrealist art plays with our default expectations, baffling us, for instance, by painting a sailing ship with butterflies where we expect sails according to our "mental model" of a sailing ship. 12 The availability of default settings and the flexibility in replacing them is an important feature also of scientific heuristics. It helps us to understand why scientific theories do not have to be abandoned in the face of contrary evidence: it is enough to simply replace some of the default settings while maintaining the essential argumentative structure. Incomplete scientific information is typically complemented by background knowledge consisting of default assumptions rooted in other prior knowledge. When Galileo saw a blurry picture of the moon in his self-made telescope, he could identify its irregularities as craters and mountains due to his prior experience with landscape images and his expectation of seeing another Earth-like body.
The components of a cognitive structure may be given by other cognitive structures, as when the concept of a house is explicated in terms of its basement, floor, roof, walls, sequence of other cognitive structures inside. But these hierarchies are not fixed so that one could also start from "inside the box," as it were, expanding it in another direction.
For instance, when starting from the concept of a wood panel one might find inside its "Russian doll sequence" the example of a door made out of wooden panels, among many other things. In other terms, we can speak of semantic networks that may be arranged in different hierarchies. Altering such hierarchies is in fact another salient feature of conceptual change in science. An originally marginal concept within a given system may eventually find itself at the center of a new conceptual system. Inertial motion, for example, had long been noted when a projectile leaves the hurling motion of a slingshot along a straight line, but it became an explicitly defined anchor point of a conceptual system only with classical mechanics.
We refer to these complex interdependencies as the "architecture of knowledge." Two further general features are important: There is a certain layered structure to this architecture due to the fact that some experiences, such as those of our moving around in the material world, are rather basic and persistent: lifting heavy objects requires effort, rigid walls are hard to penetrate, and so on. These underlying layers of "intuitive knowledge" often provide default settings for expectations when entering new terrain or when dealing with less concrete matters, where they often reappear as metaphors.
The other general observation is that people strive for a mental representation of their world that seems rather complete. To some extent, of course, all of us are aware of our blind spots, but we nevertheless tend to avoid an "epistemic vacuum," and thus complement our partial knowledge of the world with default assumptions, striving for a more-or less-holistic view of the world around us.
Knowledge has not only mental, but also social and material dimensions. It can be External representations such as writing or symbol systems may serve as "paper tools" 13 to support "reflection" in the sense of thinking on thinking: reflecting on actions with such external representations (i.e., on symbols representing objects to be counted) may engender "higher-order forms of knowledge," (e.g. an abstract concept of number) a process we refer to as "reflective abstraction." These higher-order forms of knowledge may seem to be decoupled from the primary objects of experience, but they actually remain related to them by historically specific knowledge transformations. The resulting abstract concepts, such as the concepts of number, energy, chemical element, or gene, serve to "integrate" numerous experiences within a conceptual system (e.g. the conceptual system of thermodynamics or of modern biology). All of their concepts remain, of course, liable to further change. 14 Knowledge is typically part of "systems of knowledge." One example is the curriculum of the medieval university, with its faculties of theology, medicine, and jurisprudence, prepared for by prior study of the seven liberal arts. Another example is the modern system of scientific disciplines. Systems of knowledge in our sense do not have to be conceptual systems integrated by abstract concepts, as in the examples above; in fact, they do not have to be very systematic at all. The knowledge needed to build a house or to tend a garden may also be conceived as a system of knowledge, composed of many different elements. These elements are not held together by a strict organizational principle, but rather constitute a heterogeneous "package of knowledge." The relations 13 
12
The Evolution of Knowledge among the components of a system of knowledge may be semantic, as in a scientific theory, they may be institutional, as in a curriculum, or they may be practical, as in the example of a building project.
Scientific knowledge is a special form of knowledge, involving not just theories but cultural practices. It first emerged in complex societies that created social spaces for exploring knowledge independent from immediate practical purposes. No one could have anticipated that human societies would eventually become dependent on such knowledge. Scientific knowledge is accumulated and transmitted by "epistemic communities" dealing-often within dedicated institutions-with the preservation, improvement, and generation of knowledge. We may speak of "science," for instance, whenever the potential inherent in the material or symbolic culture of a society is being explored for the primary sake of knowledge generation. Scientific knowledge is rooted in other forms of knowledge, such as practical knowledge, but is encoded in special ways, such as writing.
Scientific practice comprises forms of initiation, education, exploration, discourse, and transmission that are subject to historical change. Historically variable argumentative standards, control structures, and practices for the validation of knowledge shape its accumulation and corrigibility, extending the learning and self-correcting aspects of individual knowledge to a societal institution. The form which scientific knowledge takes also depends on the role a society assigns to knowledge, its "image of knowledge" (Yehuda Elkana), and the criteria applied for its validation.
Scientific systems of knowledge are subject to persistent change in long-term processes of accumulation, loss, and transformation, which may occasionally give rise to farreaching reorganizations of both the architecture of knowledge and the relevant epistemic communities. Some of these transformation processes are traditionally called "scientific revolutions." However, they do not result from "paradigm shifts" (Thomas Kuhn) but rather from more transformative processes, such as the exploration of an existing system of knowledge to its limits, which may give rise to a "matrix" for Every society has a "knowledge economy." 16 It designates the ensemble of its social institutions and processes, producing and reproducing the knowledge at its disposal, and, in particular, the knowledge on which its reproduction as a society relies. The external representations available to a society, especially its "knowledge representation technologies," be they papyrus, parchment, paper, or the Web-shape its knowledge economy. The action potential of a society (i.e., its reaction to external challenges) depends on its knowledge economy. While knowledge enables individuals to plan their actions and consider the results, a society cannot "think" but can only anticipate the consequences of its actions within its economy of knowledge. The ability of the global human society to cope with the challenges of the Anthropocene will therefore critically depend on the development of its knowledge economy.
The production of scientific knowledge is regulated by a knowledge economy separate from the immediate needs of societal reproduction, and yet has become an existential condition of global society. The internal regulation of this separate knowledge economy as well as the interfaces shaping the societal implementation of scientific knowledge have become critical factors in humanity's ability to cope with the Anthropocene. Given the unpredictability and inevitable serendipity of innovations, it would be shortsighted to bend the practice of science primarily toward the challenges at hand. It would be equally risky, on the other hand, to maintain the self-inflicted fragmentation characteristic of the current knowledge economy, as driven by the competition for real and "symbolic" capital.
The fragmentation of scientific knowledge due to disciplinary specialization and compartmentalization, traditional publication venues, commercialization, and so forth, may hinder opportunities for knowledge integration and implementation, blocking urgently needed innovations. The Web, on the other hand, offers a knowledge representation technology with the potential to optimize the current knowledge economy toward a global co-production of knowledge and new forms of organizing, integrating, locally adapting, and implementing scientific knowledge.
A future Web of Knowledge or an "Epistemic Web" would help to balance asymmetries in the ownership and control of knowledge and allow users to become "prosumers," for instance, by replacing browsers with interfaces optimized for interacting with global human knowledge as represented on the Web. 17 Not only content but also the network of links would have to become an openly accessible good. A new representation technology would have to co-evolve with a new economy of scientific knowledge, and it would have to include a reward system focusing on the actual knowledge generated.
On an Epistemic Web, this knowledge would be directly accessible, traceable, and The spread of knowledge may be described in terms of "epistemic networks" that involve social, material, and semantic layers. 20 These networks make it possible to account for self-organizing dynamics of the co-evolution of epistemic communities and systems of knowledge. The spread of knowledge over social networks (e.g., about a new experimental method) may lead to the proliferation of that knowledge and its enrichment within an initially loosely connected epistemic community. Novelties often come from outside an established system of knowledge. The community may in turn react to the enriched knowledge that is manifested by the network of corresponding external representations (e.g., a set of scientific papers), integrating the accumulated knowledge into a more strongly organized system of knowledge (e.g., a new scientific discipline) and reorganizing itself around it. It is through an iteration of this cycle This also describes the socio-epistemic dynamics underlying some of the so-called scientific revolutions characterized not only by intellectual upheavals but also by a reorganization of scientific communities. This co-evolution is not necessarily a fast process, however, as may be illustrated by the emergence of a scientific community focused on Einstein's general theory of relativity that took half a century. The effectiveness of this dynamic evidently depends on the systems of knowledge involved, as well as on the specific properties of the external representations and social networks. 
Back to the Beginning: Evolution of Knowledge and the Anthropocene
The fifth part of this paper returns to the relation between the Anthropocene and the evolution of knowledge. The entry into a new state of the Earth system is not due to a single cause and cannot be tied to a particular event in human history. It can best be described in terms of a cascade of evolutionary processes, as a transition from cultural to epistemic evolution. In cultural evolution, human societies have entered relations of production dependent on their material culture. In epistemic evolution, human societies' interactions with the Earth system are now dependent on science-based technologies, such as the use of fossil fuels, nuclear power, artificial fertilizers, and genetic engineering. Without the empowerment of the means of production through scientific knowledge, humanity would not have entered the "Great Acceleration." Once the knowledge economy of science entered a positive feedback loop with the capitalist economy, a runaway effect transformed cultural evolution into a process ever more dependent on science-based technologies. What stone tools, hunting, gathering, and later food production, clothing, and the building of shelters were for the Holocene, The transition from cultural to epistemic evolution suggests the development of knowledge as an important aspect of cultural evolution. In the transition from biological to cultural evolution, the role of "niche construction" (e.g. beavers constructing their dams) has been transformed from an aspect of biological evolution into an essential feature of cultural evolution, as the role of material culture and tool use for the very emergence of modern humans illustrates. 21 In the transition from cultural to epistemic evolution, the role of scientific knowledge has been similarly turned from an aspect into a characteristic feature of novel evolutionary dynamics. 22 But what role does knowledge play in cultural evolution? The direction in which science and technology develop is not fixed and is certainly not governed by a rigid logic of progress. Their development is rather subject to an interplay between cognitive and contextual factors that includes other forms of knowledge as well. The experiment we are performing with our planet generates both massive changes of the environment and new knowledge. Therefore, we will need to better understand how this co-evolution works if we want to be able judge our predicament in the Anthropocene and adjust our behaviors, including our knowledge economies, accordingly.
From an evolutionary perspective, knowledge is one of the regulative structures of human behavior, along with other mental and societal structures such as institutions, all of them fashioned by given material conditions. At the same time, human actions externalize these structures in transformations of their material environment. These changes may then be internalized again in human behavioral and societal structures, giving rise to an interplay of "externalization" and "internalization."
Second, a given physical environment and material culture open up specific possibilities for the development of regulative structures. The "horizon of possibilities" shaped by these material conditions may leave room for their exploration. 24 In particular, as the material conditions and external manifestations of human social and behavioral structures play a key role in their regulation, such an exploration will affect these societal structures in turn.
Exploring the horizon offered by the material means and external representations of a knowledge system may lead to a transformation of the system. Exploring the possibilities of social organization offered by a particular material culture may similarly engender societal transformations. Needless to say, neither kind of transformation is ever simple or straightforward, but both are worthy of deeper investigation from a common perspective. Like biological evolution, cultural evolution is an irreversible, singular, and unrepeatable process whose outcomes cannot be predicted.
Historically, the accessibility of fossil energy resources was an accidental, local condition fostering the emergence of industrialized societies. In the long run, however, it will not be possible to maintain the conditions it offered for societal development, let alone to DOI 10.2478/host-2018-0001 reproduce them. The seemingly cheap and limitless availability of fossil resources has, for a time, decoupled industrialized societies from local environmental conditions. The abundance of energy has decontextualized their regulative structures, thus suggesting that they have a universal character, that is, a character can be superimposed on arbitrary local conditions and projected into an indefinite future. Now the time for such a "local universalism" is over. 25 The consequences of industrialization restore a regulatory function to the environment on a global scale that will affect human behavioral and societal structures, albeit in locally diverse ways.
The inevitable transformation of fossil fuel based societies will have to be an exploratory process as well. Because locally variables will again become increasingly relevant, there will be no one-size-fits-all solution. Future solutions to energy problems will probably no longer be able to deal with technical systems independently from local and global environmental and societal contexts. A new knowledge economy will have to be based on the perspective of "global contextualism," 26 paying attention to both locally varying contexts and global consequences of any human intervention in the Earth system. Therefore, a new knowledge economy will have to deal with the "borderline problems" at the interfaces between the human ergosphere and other spheres of the Earth system. And it will have to provide for modes of integrating the legacy of global human knowledge with the new local knowledge emerging at these interfaces.
Concluding Remarks
We need, in particular, more knowledge about equilibria in global dynamic systems, but also cultural abstractions that help us to maintain or to adapt these equilibria by representing them locally in the lives and minds of human actors. In cultural evolution, the internalization and reproduction of given external conditions within societal
